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Studies of the chemical alterations in muscle, associated with its
activity, have been well summarized by Eggleton1", Meyerhof97, and
Milroy"'0. Such summaries naturally include a discussion of only
those substances which have been shown to take part in the metabolic
changes. As the first demonstration of chemical change with muscle
activity concerned the change of glycogen to lactic acid, it was natural
that research should continue along that line. Embden, Griesbach
and Schmitz23 observed an increase in the inorganic phosphate of
muscle along with an increase in lactic acid. In studying the organic
phosphoric acid compounds of muscle, Embden andLaquer24encoun-
tered adenine nucleotide and thus associated the non-protein nitrog-
enous constituents of muscle with the metabolism concerned with
muscle contraction. Fiske and Subbarow"6 showed that much of the
creatine of muscle is combined with phosphoric acid but the com-
pound is very unstable. Other nitrogenous compounds of muscle
have not yet been shown to be concerned with its intermediary
metabolism, but their nearly unique occurrence in muscle, and the
relatively high concentration of some, make it appear that they are
also associated with the activities of this tissue. It is the purpose of
this review to call attention to the best known of the nitrogenous
constituents of muscle which have been isolated in pure crystalline
form.
All the basic compounds which have been isolated from muscle
extract, creatine, purines, carnosine, anserine, carnitine and methyl-
guanidine, have been obtained after the use of rather drastic chemical
procedures. Protein is removed by boiling the weakly acid extract,
which is then often evaporated in the air at 1000 C. Phosphotung-
stic acid, silver, mercury and lead salts, hydrogen sulfide and barium
hydroxide are the reagents most commonly used in the isolations.
The solutions are frequently heated and allowed to stand. On the
other hand, the acidic compounds, creatine phosphoric acid and
adenyl-pyrophosphoric acid, have been obtained with procedures
especially designed to guard against decomposition of unstable com-
pounds. Care has even been taken to use freshly excised resting
* From the Department of Physiological Chemistry, University of Pennsylvania
School of Medicine, Philadelphia.YALE JOURNAL OF BIOLOGY AND MEDICINE
muscles, which have been cooled and extracted as rapidly as possible,
to diminish the metabolic and autolytic changes.
It is of interest to consider the relative concentrations of the
various nitrogenous extractives in muscle. Some information in
regard to concentration may be obtained from a study of yields
resulting from isolations of the compounds themselves, though these
yields are often far from quantitative. Further information may be
obtained by indirect mearns, such as studies of nitrogen partition,
phosphorus partition and colorimetric analyses.
It is difficult, however, to find all the information desired con-
cerning the composition of muscle from one animal or even from one
species ofanimal. Most of the isolations have been made on muscles
from large animals, such as the domesticated herbivora, because
large amounts of material are needed. On the other hand, most of
the studies of chemical changes associated with muscle activity have
been made with the indirect quantitative methods using frog muscle
because it is cheap and readily available, and especially because
it responds favorably to stimulation and survives well at room
temperature.
An attempt has been made to list inTable I the probable approxi-
mate concentrations of nitrogenous extractives in ox and horse
muscle, using a variety of sources of information more or less
applicable (v. Fiurth and Schwarz42, Hunter3", Eggleton20, Parnas102,
Hunter58, Smorodinzew1"', Komarow7"). About 70 per cent of the
extractive N has been accounted for.
The compounds present in largest amounts are creatine and
carnosine. Much of the creatine in resting muscle is combined with
phosphoric acid. No complexes of carnosine are known at present.
Carnosine and creatine each constitutes between 25 and 30 per cent
of the total extractive nitrogen. Kapeller-Adler and Krael"7, by a
quantitative study of the methyl amine and trimethyl amine formed
from alcoholic extracts of muscle by boiling with strong sodium
hydroxide, conclude that the amounts of methyl guanidine and
carnitine are actually much higher than those shown in the table.
Horse muscle has a composition similar to that of ox. Muscles
of most other vertebrates contain less carnosine, and possibly have
some of the carnosine substituted by anserine. For example, Wolff
and Wilson"2' found, in dog muscle, 0.05 per cent carnosine (colori-
metric method) and were able to isolate 0.10 per cent anserine.
Otherwise the table records values which are within the rather wide
628NITROGENOUS MUSCLE EXTRACTIVES
limits of composition of vertebrate skeletal muscle. Invertebrate
muscle contains extractives which are quite different from those
present in vertebrate muscle.
TABLE I
ESTIMATED AVERAGE COMPOSITION OF OX AND HORSE MUSCLE
Mg. per 100 gm.
fresh muscle
Creatine phosphoric acid....................................... 350
Free creatine....................................... 80
Carnosine .......... ............................. 400
Adenyl-pyrophosphoric acid....................................... 135
Inosinic pyrophosphoric acid....................................... 15
Carnitine .......... ............................. 40
Urea ....................................... 30
Methylguanidine ................. ...................... 6
Guanidine Compounds
Creatine phosphoric acid. Eggleton and Eggleton2' demon-
strated that much of the phosphoric acid of muscle which had
previously been thought to be inorganic is actually combined in
some unstable form which is rapidly decomposed when the excised
muscles or the acidified extracts are allowed to stand a short time at
room temperature. Fiske and Subbarow35 showed that this easily
split phosphoric acid is combined with creatine in equimolecular
proportions. The compound has been called phosphocreatine and
creatine phosphoric acid.
Great care must be taken in the isolation of creatine phosphoric
acid to guard against its decomposition (Fiske and Subbarow"6).
Muscle is rapidly removed from the animal, avoiding stimulation as
much as possible. It is immersed in liquid air, ground frozen and
extracted with ice-cold trichloracetic acid. All subsequent manipu-
lations are also carried out at O° C. After removing the protein,
the extract is neutralized and inorganic phosphate removed by the
addition of CaCI2 in a solution saturated with Ca(OH)2. Creatine
phosphoric acid is precipitated from the filtrate by the addition of
three volumes of alcohol. Reprecipitations in like manner result in
a salt of pure creatine phosphoric acid.
A provisional formula may be written, as follows:
NH.PO(OH)2
HN=C H
XN(CH,)CH COOH
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As the structural formula for creatine is still uncertain, the exact
formula cannot be given.
Creatine phosphoric acid forms barium and calcium salts which
are soluble in water but insoluble in alcohol. Mercuric acetate gives
a microcrystalline precipitate and lead, magnesium and silver salts
have been formed. Silver nitrate and barium hydroxide precipitate
creatine phosphoric acid from dilute solution.
It isvery easily hydrolyzed in acid solution at room temperature.
As pK2 of creatine phosphoric acid is 4.6 and pK2 of o-phosphoric
acid is 7.0, hydrolysis at pH 5.8 causes a liberation of 0.88 mol of
base (Fiske and Subbarow36, Meyerhof and Lohmann"9).
A simple quantitative method for estimating creatine phosphoric
acid is based on the fact that it fails to respond to the phosphoric
acid color test (molybdic acid and a reducing agent), but is rapidly
hydrolyzed by the reagents. By mixing the reagents with a muscle
extract, the immediate color is due to the inorganic phosphate present
and the maximum color is produced in about 30 minutes when all
the creatine phosphoric acid has been hydrolyzed.
The presence of creatine in muscle has been recognized since
1832, and many investigations have been carried out to determine
its role in muscle metabolism. An accurate method of analysis was
introduced by Folin"8' ". Folin and Denis40 presented the first
satisfactory evidence to indicate that creatine is not free in muscle.
They injected creatine and found it diffused into muscle in spite of
the high concentration already there. The discovery of creatine
phosphoric acid by Fiske and Subbarow substantiates the hypothesis
of Folin and Denis. Eggleton and Eggleton and Fiske and Sub-
barow showed that the compound is hydrolyzed by muscle activity.
Recent investigations in Embden's and in Meyerhof's laboratories
have produced a revolution in our ideas concerning the chemical
changes immediately associated with muscle contraction. While
previously it was held that glycogen > lactic acid with excess acid
production was the primary change, we now believe that creatine
phosphoric acid > creatine and o-phosphoric acid with excess liber-
ation of base is the change associated with the contraction itself.
Extensive discussion of the role of creatine phosphoric acid in
muscle activity may be found in the recent reviews.
Arginine phosphoric acid. Creatine phosphoric acid occurs in
vertebrate muscle while arginine phosphoric acid is found in inver-
tebrate muscle (Meyerhof and Lohmann"8 99). It is more stable
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than creatine phosphoric acid but apparently serves the same
purpose.
Methylguanidine. Many investigators have found methyl-
guanidine in muscle extracts, but there has been great difficulty in
demonstrating that this material is preformed in muscle. Methyl-
guanidine is usually isolated by the Engeland28 procedure which
involves the use of silver and mercury salts in neutral and alkaline
solution. Dessaignesl and Ewins33 have shown that creatine and
creatinine may be easily oxidized by mercuric oxide or silver oxide,
with the production of methylguanidine. Greenwald4", taking pre-
cautions against such oxidations, failed to isolate any methylguani-
dine from muscle extract. Komarow7", by a very long and painstak-
ing procedure involving the use of phosphotungstic acid, alcohol,
picrolonic and picric acids, has succeeded in finding traces of methyl-
guanidine which he considers must have been preformed in the
extract. Kapeller-Adler and Krael"7 believe that the formation of
methylamine on heating their alcoholic extracts with NaOH gives
added confirmation of the presence of preformed methylguanidine in
muscle. Their calculations indicate the presence of 0.03 gm. pre-
formed methylguanidine in 100 gm. of ox muscle.
Carnosine
Carnosine was isolated by Gulewitsch and Amiradzibi48 49 in
1900 from beef extract. The portion of the extract which precipi-
tated with phosphotungstic acid was fractionated with silver nitrate.
Carnosine was precipitated by silver nitrate and barium hydroxide.
The precipitate was decomposed, the resulting solution evaporated,
nitric acid added, and carnosine nitrate obtained after the addition of
alcohol. They also prepared the free base and the copper salt.
Accurate physical constants were reported by Gulewitsch47 in 1913.
Shortly after the isolation of carnosine by Gulewitsch and Amirad-
zibi, Kutscher" reported the isolation of a compound he called igno-
tine, which was subsequently shown by Gulewitsch" to be identical
with carnosine.
Gulewitsch showed that carnosine contains histidine" and
3-alanine`, and concluded that it was a dipeptide. Baumann and
Ingvaldsen' and Barger and Tutin4 showed, independently, both by
degradation and by synthesis, that carnosine is 3-alanyl histidine.
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Baumann and Ingvaldsen, by isolating histidine after deaminiz-
ing carnosine, demonstrated that the amino group of histidine is
involved in the peptide linkage. They synthesized carnosine by con-
densing histidine with ,-iodopropionyl chloride and treating the
resulting product with ammonia.
Barger and Tutin also isolated histidine after deaminizing and
hydrolyzing carnosine. They furnished direct proof that the amino
group of ,-alanine is free by coupling trinitrotoluene with carnosine,
hydrolyzing and isolating dinitrotolyl-,-alanine. They synthesized
carnosine by coupling ~-nitroproprionyl chloride with histidine
methyl ester, reducing with tin and HCI and hydrolyzing the ester.
Dietrich's'7 method is probably the best and the simplest pro-
cedure for preparing carnosine. An aqueous extract of muscle is
concentrated and precipitated with lead acetate to remove traces of
protein. The filtrate is treated with H2SO4, to remove the excess
of lead, and then neutralized with Ba(OH)2. The resulting filtrate
is concentrated on a steam-bath to a small volume. Two volumes of
alcohol and a little ether are added and then mercuric sulfate (in
5 per cent H2SO4) as long as a white precipitate forms. The
mercury precipitate, which contains carnosine, is decomposed with
H2S, the sulfate removed and the solution concentrated in vacuo.
Carnosine crystallizes from the concentrated solution after the
addition of 4 volumes of alcohol.
Carnosine may be isolated conveniently as the free base, the
nitrate or the copper salt. The free base and the nitrate are quite
soluble in water. The copper salt is far less soluble and is interesting
in that it forms hexagonal crystals which look like cystine except that
they are colored deep blue. The sodiunm dipicrolonate (Mauthner96)
and the reineckate (Smorodinzew'14) have also been prepared.
Zimmermann 12 states that quinizarin sulfonic acid will precipitate
carnosine, as well as anserine, histidine, arginine, creatinine, methyl-
guanidine, etc. Carnosine may be precipitated from dilute solution
with phosphotungstic acid, silver nitrate and barium hydroxide,
mercuric salts, and potassium bismuth iodide.
On account of the relatively large amount of carnosine in muscle,
considerable interest has been shown in its quantitative estimation.
A most careful isolation is not only time-consuming, but also requires
a large amount of muscle and results in a recovery which is far from
quantitative. For these reasons, other procedures have been
developed and studied.
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Carnosine has been isolated most frequently from beef, calf and
horse muscle by precipitation with silver and baryta and has been
shown to constitute a large part of the material precipitated. It was
natural, therefore, for early investigators to call the fraction precipi-
tated by these reagents, the carnosine fraction, and to designate the
nitrogen in this fraction as carnosine nitrogen. (See Skworzow109, v.
Fifrth and Schwarz42, Buglia and Costantino9, and v. Wini-
warter'19.) About one-third of the total extractive nitrogen is found
in the silver-baryta precipitate. However, the solubility of the
silver salt of carnosine and the precipitation of other nitrogenous
materials make this sort of nitrogen partition of very limited value.
Mauthner90 proposed a method for the determination of carno-
sine, based on the isolation of histidine picrolonate from the hydro-
lyzed carnosine fraction. She found that four-fifths of the carno-
sine nitrogen could be isolated as picrolonate by this procedure.
Two reactions of carnosine are known which produce intense
colors. When a solution of carnosine is treated with copper carbo-
nate a deep blue color develops due to the formation of the copper
carnosine mentioned above. Again, when diazotized sulfanilic acid
is added to a carnosine solution and the mixture made alkaline with
sodium carbonate, a brilliant cherry-red color appears (Pauly'03).
v. Furth and Hryntschak4' used these two color reactions for the
quantitative determination of carnosine in the silver-baryta fractions
obtained from muscle extracts. The two procedures agreed reason-
ably well indicating that only from one-fourth to one-tenth of the
nitrogen of the carnosine fraction was actually carnosine.
What appears to be the most satisfactory method for determining
carnosine at present is an application of the colorimetric method of
Koessler and Hanke70. They made the use of the diazo reaction
considerably more dependable for the determination of iminazoles
which give the Pauly reaction. They recommend diazotizing sul-
fanilic acid with an excess of nitrous acid in the cold for a suitable
period. A portion of this reagent is made alkaline with Na2COR
and the unknown solution added. The maximum color (which
develops in 5 to 10 minutes) is read in a colorimeter against a
standard composed of a suitable mixture of methyl orange and congo
red. The color produced by carnosine is proportional to the amount
present over a considerable range. With this method, 0.01 mg.
carnosine may be satisfactorily determined.
Clifford'" and Hunter5" were the first to apply this method to the
633YALE JOURNAL OF BIOLOGY AND MEDICINE
determination of carnosine in muscle extract. As proteins produce a
color with the diazo reagent, a protein-free extract of muscle must
be used. Clifford extracts with hot water and precipitates the
remaining protein with metaphosphoric acid. Hunter precipitates
the protein with heat and acetic acid or with lead acetate, removing
the lead with disodium phosphate. The protein-free filtrates are
treated in accordance with the Koessler and Hanke procedure.
Like most chemical reactions, this reaction is not specific. Practi-
cally all iminazoles, with the hydrogen on the nitrogen of the imin-
azole ring unsubstituted, will give a red color with diazobenzene sul-
fonic acid, similar to that given by carnosine. Koessler and Hanke
state that urea, NaCl, Na2SO4, KH2PO4, Na acetate and Na citrate,
each in 5 per cent solution, do not interfere with the color production.
Glucose, methyl, ethyl and amyl alcohols give low readings with a
yellowish tinge. Acetone and (NH4)2SO4 give unmatchable
colors. Hunter58 made further critical studies, especially in refer-
ence to the application of the method to muscle extract. Sulfides,
phenols and aldehydes must be absent from the solutions tested.
Guanine and xanthine produce a red color with the reagents but
adenine and hypoxanthine do not. The color which develops with
muscle extract is frequently too yellow, due possibly to tyrosine
which gives an orange color with the reagents. Hunter concludes
that in ox muscle non-carnosine substances, mainly purines, con-
tribute about 5 per cent of the total color. The error may be pro-
portionately greater in muscles lower in carnosine.
Clifford10 11, 12, 13, 14, 15 and Hunter57' 58, 00, 01, 02 each published
several papers on the carnosine content of muscle with astonishing
differences. Clifford reported that ox muscle contains 1.0 to 1.1
per cent carnosine while Hunter's figures are 0.3 to 0.6 per cent.
The data concerning cat musde are especially confusing. Clifford
reported values which were fairly constant, ranging from 0.48 to
0.51 per cent in different animals. Hunter stated that different
muscles from different cats might vary from 0.01 to 0.5 per cent.
Such discrepancies might well raise doubts concerning the value of
the methods used. The uncertainties were increased when Mitsudal°"
reported that the carnosine in the muscles of cats varied from 0.35 to
1.8 per cent; variable values like Hunter's, but even higher than
Clifford's. Although the procedures used for preparing protein-free
muscle extracts were different in each case, the variations in the data
can certainly not be accounted for by this fact. Hunter believes that
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Clifford's carnosine was impure so that her standard gave about
43 per cent of the color it should and, therefore, her results are over
twice as high as they should be. An error in Mitsuda's paper sug-
gests that his values are possibly ten times too high. If Clifford's
and Mitsuda's data are corrected as just indicated, the results of the
three authors are in somewhat more suitable agreement.
The confusion concerning the quantitative estimation of carnosine
in muscle was considerably clarified by the investigation of Kuen"8,
who compared four different procedures, namely, (1) gravimetric
determination of the copper salt obtained from the mercury precipi-
tate, (2) gravimetric determination of histidine picrolonate obtained
after HCI hydrolysis, (3) colorimetric method of Hunter, (4)
colorimetric copper procedure. Kuen confirms Hunter as regards
the carnosine content of ox and horse muscle. His figures are of
interest in showing what variations are obtained by using the dif-
ferent methods. The carnosine content of a sample of beef was
(1) by gravimetric copper method, 0.308 per cent; (2) by histidine
picrolonate method, 0.314 per cent; (3) by Hunter's colorimetric
method, 0.354 per cent. Horse muscle: (1) by gravimetric copper
method, 0.307 per cent; (2) by Hunter's method, 0.360 per cent;
(3) by colorimetric copper method 0.420 per cent. Smoked pork
yielded no weighable amount of copper salt and very little color with
the copper procedure, but gave a high color value with Hunter's
method. It seems reasonable to suppose that losses were sustained
in the two gravimetric methods and an excess of color was obtained
with Hunter's colorimetric method. The colorimetric copper pro-
cedure appears to give results considerably too high, which is not
surprising in view of the fact that many organic bases yield deep blue
solutions with the technic used. In spite of the fact that Kuen
favors the gravimetric methods as being most trustworthy his results
show that Hunter's colorimetric method is sufficiently accurate when
used on fresh muscle. The method is so easy to carry out and
requires such a small amount of material that it is undoubtedly the
best method available at present for many studies.
Broude7 suggested another method for determining carnosine.
It is hydrolyzed, the ,B-alanine treated with HNO2 and the resulting
,-lactic acid converted into acrylic acid by distillation with H2SO4.
The distillate is treated with 0.1 N bromine and the excess bromine
determinediodometrically. The procedure appears not to have been
used on tissue extracts.
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Nothing is known concerning the function of carnosine. On
account of the large amount present it seems probable that it is
important in muscle metabolism. Carnosine is not hydrolyzed by
extracts of liver or muscle (Baumann and Ingvaldsen6), but it dis-
appears from muscle on standing (Clifford',
" 1). It is split by
erepsin, but not by pepsin or trypsin (Dietrich"8).
Carnosine probably does not occur in urine. Histidine which
has been isolated from urine (Hunter", Hefter") accounts for most
of the red color produced when urine is treated with diazobenzene
sulfonic acid. The histidine excretion is much greater than normal
during an attack of measles (Hunter59).
Numerous papers have been published purporting to show
that carnosine has pharmacological activity. Krimberg and his
co-workers74' '" observed toxic effects and increased flow of bile,
pancreatic juice and gastric juice after injection of the carnosine
fraction of beef extract. Purified carnosine was said to produce
similar effects (Krimberg74, Krimberg and Komarow7"). Schwarz
and Goldschmidt'08 state that "pure carnosine" produced a fall in
blood-pressure, but did not stimulate salivary, gastric, pancreatic or
hepatic secretion. Rasenkow, Derwies and Ssewerin'05, using car-
nosine purified under the direction of Gulewitsch, failed to obtain
toxic symptoms or any appreciable flow of gastric juice after adminis-
tration of doses as large as, or larger than, those used by Krimberg.
They did, however, obtain a moderate flow of gastric juice after
injecting mother-liquors from the carnosine purification. They
conclude that the effects observed by Krimberg and others were due
to contaminations, rather than to carnosine.
Anserine
Anserine, a monomethyl carnosine, was first isolated by Acker-
mann, Timpe and Poller8 from goose muscle.
The method is, briefly, as follows: The concentrated extract of
goose flesh is precipitated with mercuric sulfate and methyl alcohol
until the white precipitate becomes yellow. The precipitate after
filtration is decomposed with H2S, the sulfuric acid removed and the
solution concentrated. This watery solution is precipitated with
mercuric sulfate and the precipitate discarded. The anserine is
precipitated from the filtrate by alcohol and additional mercuric sul-
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fate. Mercury and sulfate are removed from the precipitate and the
resulting solution boiled with copper carbonate. On evaporation,
copper anserine crystallizes from the deep blue solution. Since 8.4
grams of copper anserine were isolated from 5.7 kg. of goose muscle,
it proves that fresh goose muscle contains at least 0.12 per cent
anserine. Anserine was not isolated from other tissues of the goose.
Copper anserine has the unusual property of existing in two
forms, one, deep blue like copper carnosine and the other, red lilac.
Copper anserine crystallizes from water in deep blue needle crystals.
On drying in a desiccator or by adding alcohol, they become lilac.
It is very striking to see a lilac ring forming on the sides of the vessel
in which a deep blue solution of copper anserine is being evaporated
on a water bath. Ackermann and his collaborators do not believe
that variations in water of crystallization can account for the differ-
ence in color. Coppercarnosine never shows the color change to red
lilac. It is less soluble than copper anserine in both alcohol and
water.
Free anserine may be prepared from copperanserinebyremoving
the copper and evaporating the solution to a syrup. Colorless
needles separate in clumps. They are easily soluble in water and
very slightly soluble in absolute alcohol. They decompose at
238-9° C. The copper salt decomposes at 230-320 C. The nitrate
may be prepared from the free base by adding nitric acid until the
solution is weakly acid to litmus. It forms beautiful needles from
a watery solution by the addition of alcohol. It decomposes at
220-2° C. The nitrate is the most suitable salt for analysis.
There have been prepared also the chloraurate, the chloroplati-
nate, monopicrate and the ethyl ester. Anserine forms good precipi-
tates with phosphotungstic acid, flavianic acid, and mercuric chloride
or mercuric sulfate and alcohol.
Most preparations of anserine, isolated as described above, give
some red color with diazotized sulfanilic acid. As it is purified, it
gives the diazo reactionless and less. Ackermann and his collabora-
tors state that pure anserine gives no color with the diazo reagents.
The following color tests are also negative: Millon, Hopkins-Cole,
Sakaguchi, Knoop, biuret, murexide. It gives a positive ninhydrin
test.
The steps in the proof of structure of anserine (Linneweh, Keil
and Hoppe-Seyler89) may be summarized as follows: The copper
637YALE JOURNAL OF BIOLOGY AND MEDICINE
salt and ethyl ester indicate the presence of a carboxyl group. Van
Slyke's quantitative amino nitrogen determination proves the
presence of one free amino group; methyl imino determination indi-
cates one such group to be present. Distillation in hydrogen with
soda lime yields dimethyl iminazol which forms a chloraurate, melt-
ing at 220-5° C. The dimethyl iminazol and the lack of the diazo
reaction indicate that one methyl is on the nitrogen of the iminazol
ring and the side chain is attached to C 4 or 5. It was at first over-
looked that Pyman104 had shown that two isomeric dimethyl imin-
azoles, of the type obtained, may exist. Within a few months,,
however, the correction was noted (Keil68) and the statement made
that the dimethyl iminazol had the properties of Pyman's 1: 5 com-
pound. With the isolation of d,l-methyl histidine and P-alanine
after hydrolyzing anserine with barium hydroxide and the demon-
stration that the amino group of the P-alanine is free (Keil"8) the
structure of anserine was proved. It is a monomethyl carnosine with
the methyl group attached to C 1 of the iminazol ring and the rest of
the molecule attached to C 5. Linneweh and Linneweh9" showed
that the methyl histidine is levorotatory. The formula is
CH = C-CH2-CH-COOH
N NCH3 NH-CO-CH2-CH2NH2
C
H
While the constitution was beingdetermined, isolation ofanserine
had been made (Hoppe-Seyler, Linneweh andLinneweh54) fromthe
musdes of other birds and one reptile (crocodile). No anserine was
found in ox muscle. These observations, together with the known
peculiarities of metabolism of birds and reptiles, caused thein to con--
clude that ansenrne was absent from mammalian muscle and was a
peculiar constituent of the musdes of birds and reptiles. Tolkat-
schewskaia116 of Gulewitsch's laboratory, while studying an extract
of hen muscle, also isolated anserine. Ackermann and Hoppe-
Seyler2 have shown that fish must also be included among animals
containing anserine. Wolff and Wilson120 reported the isolation of
anserine from dog muscle, showing the presence of anserine in at
least one mammalian musde low in carnosine. They have since
found anserine in the musdes of the cat, rabbit and rat, as well as
the dog, thereby demonstrating that anserine may be fairly widely
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distributed among mammals (Wolff and Wilson'1'). It is there-
fore certain that anserine is widely distributed among vertebrates,
apparently as widely as carnosine.
While anserine and carnosine have, thus far, seldom been
isolated from the same muscle, the strongly positive Pauly color
reaction (which may be obtained with the "carnosine fraction" of
extracts of muscles high in anserine) suggests that carnosine is
present. It is probably not accidental that anserine has been isolated
from muscles low in carnosine (as indicated by colorimetric deter-
mination), while anserine appears to be absent. from the muscles of
the ox (Ackermann, Timpe and Poller8) and the horse (Wolff and
Wilson'21) which contain maximum amounts of carnosine. The
complementary distribution of carnosine and anserine is shown in the
accompanying table taken from the paper of Wolff and Wilson"2'.
Nothing is known concerning the physiological significance of
anserine. Its presence in muscle, its similarity to carnosine, and the
apparent substitution of one for the other in muscles of various
vertebrates suggest that anserine may be associated with the same
metabolic activity as carnosine.
TABLE II
ANSERINE AND CARNOSINE IN CERTAIN MUSCLES
Diazo Color
Isolation Procedure Determination
Animal
Carnosine Anserine Carnosine
%o fresh 0 fresh % fresh
muscle muscle muscle
Horse . 0.18110* none121 0.26-0.4871
Ox .......................................... 0.26111none8 0.32Ts
Cat .. 0.09121 0.01-0.49oo
Dog .present74, 121 0.10121 0.05121
Rabbit .0.22122 0.15121 0.1511
Boa constrictor .present" none54
Crocod'ile ............................ . present5U 0.0354
Chicken .... ...... ..... none8 0.128 0.1711
Congar eel. none2 0.042
River eel .present2 none2 0.3711
Codfish . none2 0.032 none11
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Adenyl-pyrophospioric Acid
Resting muscle contains adenyl-pyrophosphoric acid, a compound
of adenine nucleotide and pyrophosphoric acid. The adenine
nucleotide, also called adenylic acid and adenosine phosphoric acid,
contains adenine, pentose and phosphoric acid. It was first isolated
from muscle by Embden and Zimmermann27, although it had been
encountered by Embden and Laquer" as an interfering substance in
the isolation of "lactacidogen". They recognized in 1914 that their
impure material contained adenine, ribose and phosphoric acid and
suggested that a nucleotide might be present. Inosinic acid had long
been known in muscle (Liebig86) and guanylic acid had been isolated
from the pancreas (Hammarsten51). Before Embden and Zimmer-
mann reported the isolation of the pure compound in 1927, an
adenine nucleotide had been prepared from yeast nucleic acid by
Jones and Kennedy", '.
The same or a similar compound had been found in blood.
Bass5 noted combined adenine in blood. Jackson63 obtained a uranyl
acetate precipitate which contained bound adenine and phosphate and
gave a strong pentose test, and Hoffman"3 isolated a crystalline
adenine nucleotide.
Adenylic acid was first isolated from the protein-free extract of
rabbit muscle which had been ground and placed in cold hydrochloric
acid within 5 minutes after the death of the animal. It was precipi-
tated by copper sulfate and calcium hydroxide and then by neutral
lead acetate. Finally, after numerous precipitations and the removal
of the inorganic phosphates with barium hydroxide, the nucleotide
was precipitated from concentrated solution with acetone.
The adenylic acid isolated from muscle was originally thought to
be identical with that obtained from yeast nucleic acid. This is not
surprising as the physical and chemical properties of the two com-
pounds are not sufficiently characteristic to make a differentiation
easy. It was, however, observed by Schmidt'07 that the adenylic acid
from muscle is deaminized by rabbit muscle, whereas yeast adenylic
acid is not deaminized. (See also, Buell8.) This led to a study of
the properties of the two nucleotide preparations by Embden and
Schmidt26. They found that their muscle adenylic acid decomposed
at a slightly higher temperature (196-200° C.) than their yeast
adenylic acid (never above 195° C.) when the two were heated at
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the same rate. The mixed melting point (with decomposition) was
lower and less sharp. Muscle adenylic acid was easily soluble in hot
water while yeast adenylic acid was not. Muscle adenylic acid
crystallized readily while yeast adenylic acid tended to form super-
saturated solutions. The levo rotation of muscle adenylic acid was
lower than that of yeast adenylic acid in both acid and alkaline solu-
tions. The above differences can be taken as merely suggestive,
because slight impurity can cause considerable variation intheresults.
Much more convincing are the following data. Muscle adenylic
acid was deaminized by ferments or nitrous acid and inosinic acid was
isolated from the resulting solutions. Yeast adenylic acid was not
deaminized by muscle extracts and after deaminization with nitrous
acid, no inosinic acid could be isolated from the solution which con-
tained considerable amounts of bound phosphate. The barium salt
was easily soluble in water. Acid hydrolysis with 0.1 N H2SO4
caused a much slower production of free H3PO with muscle adeny-
lic acid than with yeast adenylic acid. Hoffman's procedure5" for
determining the pentose in yeast adenylic acid by forming furfural,
caused the formation of only a trace of furfural with muscle adenylic
acid. From these observations it is reasonable to conclude that the
two nucleotides are different.
As muscle adenylic acid forms inosinic acid by deaminization the
structure of the two compounds must be similar. Now, it happens
that inosinic acid has been studied more extensively than any other
nucleotide, and much of our knowledge of nucleotides in general has
been obtained from studies on inosinic acid, as it has been available
since the time of its discovery in 1847. The researches on the
chemical constitution of inosinic acid are admirably summarized in
Jones' monograph64, Nucleic Acids. It may be mentioned here
that Levene and his co-workers84'
" have furnished much oftheproof
of the structtre. They demonstrated that inosinic acid contains the
previously unknown pentose, d-ribose. The phosphoric acid, pentose
and hypoxanthine are combined in the order given. The hypoxan-
thine is united by glucosidal linkage with the pentose, and the phos-
phoric acid is combined with carbon atom 5 of the pentose molecule.
As the splitting of the phosphoric acid from yeast adenylic acid
proceeds at a much more rapid rate than from muscle adenylic acid,
it is very probable that the linkage of phosphoric acid to pentose in
the two compounds is different. Levene and Dmochowski83 have
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recently succeeded in preparing the d-ribophosphoric acid from a
yeast nucleotide with the idea of studying this problem. It is
interesting to note that Euler3' believes that the co-enzyme from
brewer's yeast is an adenine nudeotide different from either yeast
or muscle adenylic acid.
Wassermeyer"8 has determined the dissociation constants of the
acidic groups in the two muscle nudeotides. He reports for adenylic
acid pKi = 3.8, and pK2= 6.2; for inosinic acid pK =2.4 and
pK2- 6.3 to 6.5. It would appear, therefore, that the liberation of
NH8 would be the only factor tending to change the pH of the
solution when adenylic acid is deaminized to form inosinic acid in
muscle.
In 1928 Lohmann"1 92 detected the presence of pyrophosphate in
muscle extract. He first thought it existed free in musde but in 1929
he93 reported that it was combined with the adenylic acid. Fiske and
Subbarow37 reported at about the same time the isolation of appar-
ently the same compound, calling it adenosine triphosphoric acid.
Lohmann originally obtained inorganic pyrophosphate because the
organic compound decomposed in neutral or alkaline solution.
Embden and Zimmermann27 had isolated the organic portion after a
similar decomposition with Ca(OH)2.
The compound of adenine nucleotide with pyrophosphoric acid
is known as adenine nucleotide pyrophosphoric acd, adenosine tri-
phosphoric acid and adenyl-pyrophosphoric acid. The pyrophos-
phoric acid group is presumably combined with a hydroxyl group of
the sugar, forming an ester. Lohmann"4 reports that the pure com-
pound loses exactly 2 mols of phosphoric acid when heated 7 minutes
with I N HCI in a boiling water-bath. Hydrolyzing for 10 to 15
minutes forms I mol of adenine and I mol pentose phosphoric acid
besides the 2 mols of inorganic phosphoric acid. Neutral hydrolysis
of the barium salt results in adenylic acid and pyrophosphoric acid.
However, Lohmann9" states that a similar compound isolated from
heart muscle gives a ratio of one of easily split phosphorus to diffi-
cultly split phosphorus, though by neutral hydrolysis adenylic acid
and pyrophosphoric acid are formed. Still another form is found in
yeast. Confirmation of these observations should lead to interesting
discoveries in regard to nudeotide complexes.
The nucleotides (except Euler and Myrb'ack's32 co-enzyme)
form difficultly soluble lead salts (Lohmann9"). Adenyl-pyrophos-
phoric acid and inosinic pyrophosphoric acid form difficultly soluble
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barium salts while the barium salts of muscle adenylic acid and
Euler's cozymase are readily soluble. Fiske and Subbarow37 found
similar differences between the calcium salts of adenyl-pyrophos-
phoric acid and muscle adenylic acid. Mercuric nitrate and acetate
and silver nitrate have been used in precipitating adenyl-pyro-
phosphoric acid.
The isolation of adenyl-pyrophosphoric acid depends first of all
upon rapid cooling and rapid extraction of the muscle after the death
of the animal. Loss is caused in working up large quantities of
muscle from warm-blooded animals, owing to the enzymatic
decomposition of the adenyl-pyrophosphate both by dephosphorizing
and deaminizing. The salts mentioned above have been used in
isolations.
Fiske and Subbarow isolated adenyl-pyrophosphoric acid by
precipitating it as the calcium, mercury or silver salt from water
solution and the acid calcium salt from alcoholic solution. They
state that the yield is nearly quantitative and accounts not only for
most of the purine nitrogen of muscle but also for most of the acid
soluble phosphorus not present as o-phosphoric acid, phosphocreatine
or hexose monophosphate.
Lohmann9" has recently described in detail his methods for pre-
paring adenyl-pyrophosphoric acid and adenylic acid.
Beside the quantitative method previously mentioned for deter-
mining the nucleotide pyrophosphate a procedurehas'beendeveloped
(Parnas102) for studying free and combined purines.
The nucleotides (and presumably nucleotide pyrophosphates)
are precipitated with uranyl acetate from the protein-free filtrate of
muscle. Nucleosides and free purines, if present, are in the filtrate.
The protein precipitate contains some nuclear material. Each
fraction may be analyzed for amino and oxy-purines, as follows: the
material is hydrolyzed and the purines precipitated first by the
Kruger and Schmidt procedure, then with silver and ammonia. The
precipitated purines are liberated by HCl and the solution evapo-
rated. Adenine (+ guanine) is precipitated as picrate, hypoxan-
thine (+ xanthine) remaining in solution. After removal of the
picric acid from both fractions, the total nitrogen is determined by
the Kjeldahl method.
With this procedure, Parnas102 has shown that only about
4 per cent of the total amino purines are present in muscle as true
nucleic acid. There are no nudeosides or free amino purines. From
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85 to 90 per cent of the purine nitrogen is in the form of adenine
nucleotide, and 10 to 15 per cent as hypoxanthine nucleotide
(inosinic acid).
Adenyl-pyrophosphoric acid is part of the co-enzyme system con-
cerned with the formation of lactic acid from glycogen. Presumably
acting in this capacity, 2 of the 3 phosphoric acid groups may be
liberated and utilized in forming hexose esters. Embden and
Lehnartz25 believe that the third phosphoric acid group may also be
split off. Ammonia may be liberated from the adenine group. It
is impossible to state, at present, the main course of the reactions.
Adenyl-pyrophosphoric acid is regenerated by the reverse reaction
(Embden, Carstensen and Schumacher22), or by ammonia furnished
from amino acids (Parnasl02).
Carnitine
Gulewitsch and Krimberg50 in 1905 discovered a compound in
Liebig's beef extract, having the formula C7H15N03, and named it
"carnitine". Kutscher79 isolated a similar compound in 1906 which
he called "novaine". Krimberg72 showed that carnitine was present
in the extract of fresh meat and pointed out that Kutscher's novaine
was apparently identical with carnitine. It has since been found in
muscles of many animals in amounts varying from 0.02 to 0.05
per cent (Skworzow09, Smorodinzew"0'112,13). It has not been
found in tissues other than musde.
Carnitine is precipitated from beef extract by phosphotungstic
acid along with other bases. After decomposing the phosphotungstic
acid precipitate, the purine and carnosine fractions are precipitated by
silver and baryta. From the filtrate, carnitine may be precipitated,
first by potassium bismuth iodide, then by mercuric chloride and
alcohol and finally isolated as the crystalline salt with mercuric
chloride (melting point, 1960 C.), platinic chloride (melting point
214-18° C.) or gold chloride (melting point 153-4° C.). The free
base is very soluble and forms a strongly alkaline solution in water.
The nitrate crystallizes from water or alcohol in clumps of needle
crystals. It is levorotatory.
Considerable difficulty was experienced in determining the struc-
ture of the compound. Kutscher80 81, 82 showed that when novaine is
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heated with barium hydroxide, trimethylamine, crotonic acid and
succinic acid are formed. Krimberg72" found that carnitine produced
trimethylamine in the same way and he thought he obtained y-buty-
robetaine. He suggested the structural formula which was proved
to be correct many years later.
H OH H
I I
(CH3)3 N-C-C-C-C-O
H H H 1
0
The compound is ,3-hydroxy y-butyrobetaine or y-dimethyl-
amino-,3-oxy-butyric acid-methylbetaine. Engeland29 thought that
the hydroxy group must occupy the a position but Fischer and
Goddertz34 synthesized the a compound and found its prop-
erties different from carnitine. Engeland80 later proposed a side
chain. Tomita and Sendju1"7, in a very careful piece of work,
synthesized ~-oxy-y-amino butyric acid and resolved it into four
isomers after benzoylating. After resolutionthebetaineswereformed
and one of the levo isomers was found to have properties identical to
carnitine, thus establishing its constitution. Linneweh88 has cleared
away some of the confusion existing in the literature by demon-
strating that Krimberg's supposed y-butyrobetaine and Engeland's
apocarnitine were in all probability crotonbetaine, the betaine of
trimethyl-y-amino crotonic acid. It is formed easily from carnitine
by heating with concentrated acids.
Little is known of the metabolism of carnitine. When injected
subcutaneously into a dog 30 per cent appeared unchanged in the
urine and no oxidation products were found (Linneweh87). The
butyrobetaine and crotonbetaine when given in the same way were
mainly excreted unchanged. Traces of carnitine and trimethylamine
were also found. The butyrobetaine and crotonbetaine are toxic,
producing in mice curare-like symptoms and death, in doses of 60 to
80 mg. Carnitine, however, is non-toxic.
y-butyrobetaine has been isolated from urine of dogs after phos-
phorus poisoning (Takeda115), and from urine of patients suffering
from pernicious anemia (Reinwein and Thielmann108). It has also
been isolated from muscles ofcold-blooded animals (Keil, Linneweh
and Poller69, Ackermann', Hoppe-Seyler and Schmidt55).
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